Introduction
Olive orchards are widely cultivated throughout the semiarid Mediterranean region. During olive growth a large quantity of vegetable residues are produced, either from the biannual pruning or from the olive-fruit cleaning in the oil mill, where the olive fruit is separated from the leaves, twigs and soil. These residues are generally discarded and the pruning debris is usually burned in situ or used for energy. Such practices not only release a large quantity of CO 2 into the atmosphere, but also fail to return to the soil the elements taken up by the tree. The use of crop residues is being widely debated today because of its impact on the soil degradation (Lal, 2008) . In Andalusian olive orchards, conventional agricultural practices such as tillage or non-tillage with bare soil also reduces the incorporation of plant remains into the soil, thus changing the quantity of soil organic carbon (SOC) in a variable way and accelerating erosive processes (Pastor, 2004) . Nevertheless in recent years, the technique of shredding pruning debris and spreading the material over the orchard is becoming generalized as an alternative to burning. The residues left from fruit cleaning in the oil mill prior to extracting the oil, composed of leaves, green twigs, and superficial soil, can also be spread on the soil surface, returning to the soil the elements previously taken up by the tree. These new soil-management systems are an alternative for improving the soil quality and fertility in sustainable agricultural system (Ordóñez et al., 2001; Rodríguez-Lizana et al., 2008; Nieto et al., 2010) . Many studies on agricultural ecosystems, as reviewed by Jarecki & Lal (2003) , have documented the changes in soil properties when the soil management shifts from tillage to cover crop, mainly the increase of SOC and nitrogen (N). The management of crop residues is an important aspect of conservation systems (Six et al., 1999; Paustian, 2000; Lal, 2008) , since proper distribution on the ground surface reduces water losses and thus discourages soil erosion (Schomberg et al., 1999) . Water and erosion constitute especially serious issues in zones that have a Mediterranean climate and can be only partially solved by recycling the crop debris (Rodríguez-Lizana et al., 2008) .
When the soil includes great quantities of fresh plant material, it is necessary to separate the soil organic matter in order to quantify the SOC which is truly fixed. Some authors recommend methods to separate the water-floatable organic matter (FOM) from soil fractions according to size, using physical procedures such as ultrasound, together with a mixture of physical and chemical methods (Buyanovsky et al., 1994; Hevia et al., 2003) . These latter procedures of fractionation appear to be more adequate when the residues added provide certain quantities of soil together with the plant debris. According to Ingram & Fernandes (2001) , the factors determining the current level of carbon in agricultural soils are the losses of soil and clay by erosion, the decline in plant debris, and the elimination of this. Franzluebbers (2002) proposed that soil quality is correlated with the stratification of the SOC. High SOC levels on the soil surface mitigate the direct impact of raindrops, protecting against sealing and the disruption of the soil structure (Hernanz et al., 2002) . Cultivation practices that improve soil quality and fertility, such as the use of crop residues, progressively change the physical and chemical properties of the soil (Rhoton et al., 1993; Ordóñez et al., 2001; Hernández et al., 2005) . In addition to SOC and N, other nutrients have been made evaluated in this sense such as K + (Thomas et al., 2007) , as has soil properties such as cation-exchange capacity (Oorts et al., 2003) , or soil-water content (Rawls et al., 2003; Bescansa et al., 2006) . The impact of different soil-management systems on soil properties have been studied for olive orchards (e.g. Hernández et al., 2005; Soria et al., 2005; Castro et al., 2008; Gómez et al., 2009) but only a few works have evaluated the effect of shredded olive-pruning debris (Ordóñez et al., 2001 , Sofo et al., 2005 Rodríguez-Lizana et al., 2008) . Recently, agricultural soils have been identified as the major carbon pool in the context of its global cycle. Some authors (Jarecki & Lal, 2003; Hernández et al. 2005; Smith et al., 2008) have reported that strategies based upon changes in soil management in agricultural soils are potentially important in increasing carbon sequestration by the soil and in reducing the atmospheric CO 2 concentration. The main processes responsible for lowering current carbon levels in agricultural soils include erosion, tillage, and low inputs of agricultural residues (Lal, 2008; Álvaro-Fuentes et al., 2009) . Some authors have emphasized that intensive tilling accelerates the decomposition of organic matter as result of the break-up of soil aggregates (Balesdent et al., 2000; Paustian et al., 2000) and contributes considerably to soil loss through erosion (Rodríguez-Lizana et al., 2008) . Soil-management techniques that combine a restriction on tillage and the addition of organic residues are considered to be one potential way for improving soil properties and diminishing atmospheric CO 2 concentrations by storing carbon in the form of organic matter (IPCC, 2000; Jarecki & Lal, 2003) . The present work describes the effect on the soil after the spreading of olive-pruning debris together with the residues of the olive-fruit cleaning in two predominant soils in Andalusian olive orchards. In specific, study was made of the content, distribution, and stabilization of SOC (floatable and non-floatable in water) and N, the soil potential for carbon sequestration, as well as the effect of SOC in the K + content, bulk density (ρb), pH, cation-exchange capacity (CEC), and soil-water content (SWC) at -33 and -1500 kPa.
Material and methods

Field description
The study plot was located in the Cortijo El Empalme (Villacarrillo, Jaén), south-eastern Spain (38.175ºN, 3.15ºW) and is 812 m a.s.l. The climatic characteristics of the area are given www.intechopen.com Table 1 ( MAPA, 1989) . The average annual rainfall was 550 mm, and average annual maximum and minimum temperatures of 37.0ºC and 2.8ºC, respectively. The natural vegetation is a perennial, sclerophyllous Holm oak (Quercus ilex L.) forest typical of the Mediterranean basin. The orchard was comprised of adult olives (cv. picual) with 2-3 trunks and planting density of 82 trees ha -1 . The average slope is 3%. The orchard has underground drip irrigation and no fertilizers are applied to the soil. Following the WRBSR (FAO, 2006) , the soils studied are classified as Chromic Calcisols (CLcr) and Calcic Vertisols (VRcc). The parent material is limestone in the CLcr and marls in the VRcc. The colour of the dry bare soils was dull brown (7.5 YR 5/4) in the CLcr and light grey (2.5 Y 7/1) in the VRcc.
Month
Temperature ( Table 1 . Maximum, minimum and average monthly air temperature, monthly rainfall and potential evapotranspiration (ETo) for the study area (MAPA, 1989) Before the experiment, the soil-management system of the orchard was conventional tillage (T), consisting of two or three passes (0.20 m deep) with a disc harrow and cultivator, twice a year to control weeds. This tillage was applied only to the open gaps between the trees (50% of the total area of the grove). Under the tree canopy (UC), the soil was completely cleared every year using pre-and post-emergence herbicides. Dead leaves, dried fruit and twigs were removed by manual blowers and a mechanical sweeper without breaking the surface crust. The trees were pruned every 2 yr and the debris was burned. The soil-management system was changed in 1996 on the CLcr and in 2000 on the VRcc to cover crop, whereby shredded olive-pruning and the residues from the olive-fruit cleaning (PD+CR) were spread between the trees. The ground was not tilled and all these residues remained on the surface. The biomass input was quantified by the use of a 30 x 30 cm metal frame tossed at random 40 times between trees. The mean annual input was 23.9 ± 14.3 Mg
132
C ha -1 yr -1 . This area was studied by Soria (2002) under traditional tillage in 1997, just before to the experiment was started. The clay types are given in Table 2 . Clay type (%) for 0-30 cm depth, in each soil type according to Soria (2002) 
Sampling and analytical methods
Random soil samples were taken in two different areas: (i) between trees in PD+CR soil after removing the superficial plant-residue layer and (ii) UC area where the soil was completely bare. In addition, to establish the time-zero conditions for the experiment, two neighbouring tilled olive groves were sampled. A trench of 50 x 100 x 50 cm was opened and the samples were taken at depth intervals of 0-2, 2-5, 5-10, 10-15, and 15-30 cm. Three replicate plots per type of soil and area were sampled. Soil samples were also taken from the pits to determine ρb, following the method of Blake & Hartge (1986) , using a set of cylinders of 2, 3, and 5 cm high specifically manufactured for this purpose. The soil samples were dried and sieved (2-mm grid size). In the fine-earth fraction, the following analyses were performed: the textural analysis was made by the pipette method of Robinson (Soil Conservation Service, 1972) ; the SWC at field capacity was extracted in a pressure plate at -33 kPa, and the moisture at the wilting point was measured at -1500kPa (Cassel & Nielsen, 1986) ; the assimilable K + was extracted with NH 4 OAc 1M; and the CEC was determined by saturation in sodium and, prior to washing with alcohol, extraction by sodium adsorbed with NH 4 OAc 1M (Soil Conservation Service, 1972) ; the pH was measured in a soil suspension in distilled water (1:2.5).
For the determination of the SOC, N, and CaCO 3 equivalent, the sample was ground again (0.125 mm). The content of the SOC was determined using the method of Tyurin (1951) ; water-floatable organic matter (FOM) and non-water-floatable organic matter (NFOM) was separated following the method described by Hevia et al. (2003) ; for the total nitrogen, the Kjeldahl method was used (Bremner, 1965) ; and the CaCO 3 equivalent was determined by a manometric method (Williams, 1948) . For plant remains, carbon and N were determined by the same methods. The SOC, N, and clay contents per hectare were computed by multiplying the soil mass (i.e. bulk-density) by the depth and the SOC, N, and clay concentrations, respectively. The CO 2 emissions from burning residues were determined from the values of carbon concentration in pruning debris using a molecular-weight ratio (1.00 g C = 3.67 g CO 2 ) (IPCC, 2000).
RothC model
A detailed description of the model is given in Coleman & Jenkinson (1996) . In brief, the RothC model separates the SOC into four active compartments and a small amount of inert organic matter (IOM). Plant residues reintroduced to the soil (Figure 1 ) are divided into decomposable plant materials (DPM) and resistant plant materials (RPM), both undergoing decomposition to produce microbial biomass (BIO), humified organic matter (HUM) and CO 2 (lost from the system). The clay content of the soil determines the proportions that go to www.intechopen.com CO 2 or to BIO + HUM. Each compartment, except for IOM, undergoes decomposition by first-order kinetics at its own characteristic rate, which is determined by using modifiers for soil moisture, temperature and plant cover. The climatic input parameters include monthly average air temperature, monthly precipitation and monthly open-pan evaporation. Other input parameters are soil clay content, monthly carbon input from plant residues or farmyard manure and monthly information on soil cover, whether the soil is bare or covered by plants. As no data for openpan evaporation were available, the average values for monthly potential evaporation (converted to open-pan evaporation) were used (Coleman & Jenkinson, 1996) . The IOM was calculated using the equation proposed by Falloon et al. (1998) . The turnover time was calculated as the total organic carbon content except IOM divided by the annual input of carbon into the soil (Jenkinson & Rayner, 1977) . Fig. 1 . Structure of the Rothamsted carbon model (from Coleman & Jenkinson, 1996) RothC was designed to run in two modes: 'forward', in which known inputs are used to calculate changes in soil organic matter; and 'inverse', when inputs are calculated from known changes in soil organic matter. This model performed well for changing the carbon inputs to fit measured SOC values in other studies (Falloon & Smith, 2002) . In our work, we used this model to assess the changes in the soil carbon content when soil management was changed from tillage to cover crop with pruning debris and the residues from the olive-fruit cleaning.
To run RothC at equilibrium (Coleman & Jenkinson, 1996) , we needed to assume that the soils were in equilibrium (more than 30 yr with the same management). To determine the SOC value for the soil equilibrium under tillage, we sampled two neighbouring areas (one for each soil type) that ploughed the soils over the last 30 years. For the tilled olive grove, the soil was assumed to be in equilibrium. In this case, the RothC model was run iteratively in reverse to calculate how much organic carbon needs to enter a soil annually to give the measured amount of SOC. This value for the annual input of organic carbon was chosen to optimise the fitting between the modelled and measured data.
Statistical analysis
Data were analysed using SPSS v.10.0. Effects of the location and soil type for each variable were determined by one and two-way analysis of variance (ANOVA) at a confidence level of 95%. Tukey tests was performed for post-hoc comparisons between levels within each factor considered. Bartlett and Shapiro-Wilk tests were applied to check homoscedasticity and normality, respectively, to ensure that assumptions of the model were met. Spearman correlation was used to determine the degree of dependence between the SOC and other variables. Table 3 presents the results from the textural analysis, the percentage of gravel in the soils studied, ρb, CaCO 3 content, and pH. The gravel content increased in depth, with values greater in the CLcr. Despite differences in clay and sand percentages, both soils presented a loamy-clayey texture. The ρb diminished significantly in the uppermost 5 cm of the PD+CR with respect to the UC soils, with values equal to or lower than 1; beyond this depth, the values rose and tended to be equal. The CaCO 3 content was greater than 200 g kg -1 in both soils, with higher values in VRcc. However, the concentration of this element increased in depth until reaching a maximum of 706 g kg -1 in the last depth under the tree canopy in the CLcr. Both soils studied had basic pH values, which were significantly lower at the first two depths of the cover crop.
Results
Textural analysis, ρd, CaCO 3 and pH
SOC, N and C:N
The spreading of the pruning debris and the cleaning residues significantly increased the SOC and N content in both soils, with maximum values in the uppermost 10 cm (Table 4 ). The differences were significant for depth, location and their interaction. No differences were registered in the SOC and N for each soil type. Under the canopy, both soils presented similar SOC and N contents, with values slightly higher in the upper 5-10 cm. The C:N ratio reached maximum values in the uppermost 5 cm of PD+CR, being higher than 20 (Table 4 ). The differences were significant also for the location and type of soil, with higher values in CLcr than in VRcc. Under the canopy and in the last cm of the cover crop, all the C:N values were close to or lower than 10. In all cases, this value diminished in depth. The percentages of FOM and NFOM are represented in Figure 2 . The presence of fresh plant residues increased the FOM in the uppermost cm of the soil; under the canopy and in depth, the FOM decreased. The addition of debris in PD+CR increased the SOC and N content in the bulk soil, from 26.4 ± 1.2 and 27.1 ± 1.0 Mg C ha -1 to 158.0 ± 11.6 and 113.6 ± 17.8 Mg C ha -1 in CLcr and VRcc, respectively (Table 5) . Under the tree, these values were intermediate for both soils. The stratification was similar in both soil types, higher than 10 for the cover crop and minimum (~1) in conventional tilled soil.
K +
, CEC and SWC The CEC and K + contents were high for the PD+CR cover of both soils, diminishing over the profile (Table 6 ). The strongest differences were presented in the first layers of VRcc, with 30 cmol c kg -1 for CEC and K + values greater than 2 cmol c kg -1 . The presence of the plant residues on the soil surface also changed the SWC, with values significantly higher in the uppermost 2 or 5 cm of PD+CR and at all depths for the VRcc. Table 5 . Soil organic carbon (SOC), nitrogen (N), and stratification ratio of SOC for 0-30 cm depth, in each soil type and location. For each value, the standard error is shown in parenthesis
Correlations with SOC
The correlations between SOC and other soil parameters are summarized in Table 7 . The SOC was correlated negatively with the silt content in all cases, and positively with the clay content only in soils without carbon addition (UC Table 7 . Correlation coefficients of soil organic fractions with the properties studied, for the entire dataset (all data) and for each soil type and location. CLcr: Chromic Calcisols; VRcc: Calcic Vertisols; PD+CR: cover crop with pruning debris and the fruit-cleaning residues; UC: under the tree canopy. * Significant at P < 0.05; ** Significant at P < 0.01 according to Spearman's test
RothC
The results for changing soil management from conventional tillage to cover crop are summarized in Table 8 . At first, we calculated the annual carbon input for the tillage of olive trees from the SOC concentration measured in neighbouring areas, assuming a steady state. For both soils, the annual input modelled was 1.0 Mg C ha -1 yr -1 . During the experiment, we measured a carbon input at the soil-surface in PD+CR cover of 23.9 ± 14.3 Mg C ha -1 yr -1 . After 10 and 6 yr of change in the soil-management system, the annual carbon inputs needed to reach the SOC values between trees as estimated by the model were very similar to those measured in both soils. The turnover time decreased from 26 yr in T soils to 6 and 5 yr for CLcr and VRcc, respectively. Table 8 . Measured and modelled data for the turnover of organic carbon in olive-grove soils under conventional tillage (T) and mulched with residues from pruning debris and olivefruit cleaning (PD+CR) (from Nieto et al., 2010) Fig. 3. SOC modelled for CLcr and VRcc under conventional tillage (T), shredded olivepruning debris cover (PD) and mulching with residues from olive-fruit cleaning and pruning debris (PD+CR) (from Nieto et al., 2010) www.intechopen.com
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The C sequestration was calculated as the difference between CO 2 emissions in each type of management. Under tillage, the cleaning residues were stored in areas close to the oil mill, so that we could not include them in the CO 2 emission balance. Although the pruning debris had a different use in the two cases, under tillage they were burnt and in the cover crop they were spread on the soil. Figure 3 shows SOC modelled by RothC for 50 yr in both soils under three management systems: cover with PD+CR, only pruning debris (PD), and tillage (Nieto et al., 2010) . When mulched with PD+CR the model predicted a continuous increase in SOC, but without reaching a state of equilibrium. No differences could be discerned between either type of soil, due mainly to the large quantities of organic carbon added. When the input was that of PD alone, the model gave a lower SOC content than in the previous case. CO 2 emissions are given in Table 9 when the PD were burnt in tillage, and when shredded and spread on the ground. As a result of the addition of PD to the soil, the CO 2 that was previously released into the atmosphere during the years of tilled management was reduced more than 55% for both soils. For the decrease in CO 2 emission, the RothC model estimated a potential carbon sequestration of 0.5 and 0.6 Mg C ha -1 yr -1 for CLcr and VRcc (Table 10) . We did not model carbon sequestration after mulching with CRs because this waste matter is normally discarded. Nevertheless, the total carbon content in the soil registered an increase during the experiment of 13.2 and 14. Table 10 . SOC increase as result of changes in soil management from conventional tillage to mulching with residues from pruning debris and olive-fruit cleaning (PD+CR). CO 2 reduction and carbon sequestration after the addition of only pruning debris (from Nieto et al., 2010) 4. Discussion
Soil organic carbon and related soil properties
The two types of soils studied were close together and are widely represented in the areas dedicated to olive cultivation in the Mediterranean region. The parent material, limestone in the CLcr and marls in the VRcc, conditioned the development of different profiles with respect to such characteristics as colour, and content, as well as type of clay, sand, and silt. Large quantities of soil from nearby zones were applied with the plant residues from olivefruit cleaning. For this reason, such properties as texture and CaCO 3 content presented similar values for the first cm of PD+CR in both soils types. The pH values changed with the SOC content (Thomas et al., 2007) . As opposed to the findings of Fontaine et al. (2004) , the addition of fresh organic matter did not cause a negative balance in the SOC, since we began with degraded soils of very low SOC contents. Many authors have also found a rise in SOC values in agricultural soils within at least the uppermost 10 cm in depth, after using conservation practices (Angers et al., 1997; Hernanz et al., 2002; Jarecki & Lal, 2003) . In olive orchards, some authors as Hernández et al. (2005) , Sofo et al. (2005) , Castro et al. (2008) and Gómez et al. (2009) , have reported increases in the SOC and N content after applying plant residues. Our values were higher than those reported by these authors because, together with the shredded pruning debris, a major quantity of residues composed of soil and plant debris were brought from the olive-cleaning processes, reaching a biomass accumulation greater than that indicated by these authors. In addition, the soil from the cleaning process originated from the soil under the tree canopy, with small aggregates, fine material and a high SOC content. Under the tree canopy, despite that the soil was maintained free of weeds with herbicides and free of plant debris by sweeping, SOC values reached 64.7 and 43.3 Mg C ha -1 , higher than tilled soils between rows (Table 5 ). This was due to the greater presence of roots in this zone and the continual dropping of olive leaves, which fell under the canopy, where they remained until the annual cleanup before harvest (Ordóñez et al., 2001; Soria et al., 2005) .
The high values of the SOC found in PD+CR indicate the effectiveness of the treatment in terms of storage, reaching values of up to 158.0 Mg ha -1 after 10 years of management. These values, together with those of N were far higher than reported by other researchers in agricultural areas (Hernanz et al., 2002; Hernández et al., 2005) but similar to those found by Jarecki & Lal (2005) for forest soils in Ohio. Texture plays a major role in SOC accumulation in the soil. In many works, the losses of SOC from agricultural soils were lower in clayey soils, since these tended to accumulate this fraction more rapidly and retain it longer (Percival et al., 2000; Arrouays et al., 2006) . In our work, a correlation between the SOC and the clay was found only in under the canopy (Table 6 ), since the input of plant debris changed this relationship. Similar results have been reported by Castro et al. (2008) . According to Hevia et al. (2003) the NFOM presented high correlations with the clay content only in the soils UC (Figure 4 ). This showed that the addition of plant debris and other residues with high carbon content alter the relation between SOC and the fine-size particle. The C:N relationship indicates the rate of the mineralization of the soil organic matter. According to Giménez and Bratos (1985) , C:N values higher than 15 indicate a very low N release. Our results show high values at the uppermost soil levels of PD+CR, and thus humification processes predominated. At greater depths and in UC, mineralization processes predominating (values lower than 10). It bears mentioning that a high C:N relationship does not necessarily signify N deficiencies in soil, as pointed out by Rhoton et al. (1993) , as the progressive increase in organic matter of the soil augments the availability of many nutrients, including N. In this case, the high superficial values cause SOC to act as a protector and store of N, releasing this nutrient little by little into the soil. One of the most important characteristics of this management is the continued non-tillage, which affects the distribution of certain properties such as SOC throughout the soil profile. Franzluebbers (2002) showed that SOC stratification ratios higher than 2 are infrequent under degradation conditions. The data compiled in our study, lower than 2 in conventional tillage and higher in PD+CR cover, confirm the increase in soil quality as well as a control of erosion and degradation processes.
The high values of ρb UC indicated a compaction process related to cultivation (Soria et al., 2005) . Between rows, the spreading of olive-pruning debris and the maintenance of the material on the surface (non-tillage) generated a mulching effect (Bescansa, 2006; Lal, 2008) that protected the soil effectively with respect to nutrient loss and sediment production (Rodríguez-Lizana et al., 2008) . Thus, ρb diminished in the uppermost 2 cm of PD+CR by 44% in CLcr and by 31% in VRcc, with respect to UC. This difference between the two soil types is related to the SOC content, determined by the application time of the plant residues. Similar results have been reported by Ordóñez et al. (2001) after 6 years of applying olivepruning debris. The K + content raised with the SOC (Rhoton et al., 1993; Thomas et al., 2007) by 3.4-fold in the VRcc and by 1.5-fold in the CLcr over the entire depth studied with respect to UC. This higher increase observed in the VRcc was linked to the greater content in smectite clays (Bhonsle et al., 1992; Ghosh & Singh, 2001 ). According to Oorts et al. (2003) organic matter can be responsible for as much as 85% of the CEC of the soil. The correlation between CEC and SOC found in the present work (Table 6 ) was similar to those documented by Caravaca et al. (1999) for calcareous soils. The higher values of CEC were detected in VRcc, with lower duration of the experiment and greater fine-fraction content than CLcr (Table 3) . These results coincide with those of Leinweber et al. (1993) , who indicated that the order of factors that affect the CEC is: particle size of the fraction, management, and duration of the experiment. The water-storage capacity of the soil changed too with the organic matter content since the pore size and distribution changes (Rawls et al., 2003; Bescansa et al., 2006) . However, the effect of SOC on water retention was high in sandy soils and marginal in fine-textured soils (Bauer & Black, 1981) . Our results match those of Rawls et al. (2003) in the regression tree for the SWC at -33 and -1500 kPa and in the variation of the moisture with the change in organic-carbon content, which, for high SOC contents, increased for all the textures but in a higher proportion with greater sand contents, as occurred in our case in the CLcr.
Soil carbon sequestration
The effectiveness of changing the management from traditional tillage to cover crop between trees is manifest in this study in the resulting high SOC and N values. The SOC rose from 34.0 and 46.2 Mg ha -1 to 158.0 and 113.6 Mg ha -1 for CLcr and VRcc, respectively, indicating greater in soil fertility. The RothC model estimated the carbon input into the soil of the tilled olive grove in equilibrium as being 1.0 Mg C ha -1 yr -1 , which falls within the range of 1-2 Mg C ha -1 yr -1 estimated by Jenkinson & Rayner (1977) . Romanyà et al. (2000) registered similar results for a vineyard in the Mediterranean area, with an annual carbon input of 1.4 Mg C ha -1 yr -1 . The only estimates of carbon input for olive groves were reported by Sofo et al. (2005) , who registered an annual input as senescent leaves of 0.4 Mg C ha -1 yr -1 but did not account for other inputs such as root turnover and rhizodeposition. In our work, the SOC content modelled for the VRcc soil ( Figure 3 ) was higher than that predicted for the CLcr after eight years of mulching. This might be explained by the higher percentage of clay in the VRcc soil, which is masked by the large quantities of organic matter added in the form of PD+CR. The relationships between fine soil fractions and organic-carbon sequestration have been addressed by other authors such as Paustian et al. (2000) . It has been noted that carbon is physically protected against biodegradation when it is contained in clay-or silt-sized micro-aggregates (Balesdent et al., 2000) . The RothC model fitted carbon turnover satisfactorily for the change from tillage to PD+CR cover due to the absence of erosion (Gottschalk et al., 2010) . During the 10 and 6 years that the experiment lasted, we registered a much higher annual input of residues into the soil between trees than that reported by other authors, due to the fact that our management Turnover time is defined as the migration of organic carbon through a given volume of soil (Jenkinson & Rayner, 1977) . The high values found in tillage (Table 8) indicate carbon stabilization in the soil, signifying that carbon migrates slowly from one pool to another. Our results are higher than those modelled for Kenyan savanna (~16 yr) or dry forest in Zambia (~8 yr) by Jenkinson et al. (1999) . For PD+CR the turnover times were lower than those found by these latter authors. This showed rapid migration of carbon and thus a soil that is not close to equilibrium. During the first years of olive-tree establishment, CO 2 is distributed preferentially in the permanent structures and the root system, but in mature olives trees, fixed CO 2 is located to a greater extent in the leaves and fruit, and consequently also in the pruning debris (Sofo et al., 2005) . Thus pruning debris is an important carbon reservoir that can be returned to the soil rather than the atmosphere in the form of CO 2 (Figure 3 ). When the pruning debris is shredded and spread on the ground, the RothC model predicts a decrease in CO 2 emission of ~2 Mg CO 2 ha -1 yr -1 for each soil (Table 10 ). This value is within the range of the data collected by Smith et al. (2008) for warm-dry zones, who registered an emission reduction of 3.45 Mg CO 2 ha -1 yr -1 when degraded lands are restored and 0.33 Mg CO 2 ha -1 yr -1 for croplands under tillage and residue management. Abandoning tillage in favour of using organic waste to cover the ground is considered to be an efficient way of increasing carbon sequestration in agricultural soils (cf. Smith et al., 2008; Lal, 2008) . In our experiment, we measured a carbon sequestration of 0.5 and 0.6 Mg C ha -1 yr -1 with pruning debris cover in CLcr and VRcc soils, respectively (Table 10) (2000) suggested a carbon sequestration potential of 0.3 Mg C ha -1 yr -1 . Our results coincide with these values, supporting the idea that the recycling of pruning debris in olive groves is an effective way of storing carbon in the soil. As with SOC, carbon sequestration was greater in VRcc soil, with its higher clay content. Apart from the carbon sequestration from the recycling of pruning debris, the addition of the fruit-cleaning residues and the absence of tilling resulted in an increase in SOC ( Figure  3 ). Although it may be difficult to introduce the reuse of the large quantities of CR + PD described in this work as a commonplace practice in olive-grove management, merely recycling the pruning, which is produced in the grove itself, together with a policy of zero tillage, will increase the SOC content considerably compared to T soils.
Conclusions
This work shows the improvement in soil quality and fertility after the soil management in olive orchards was changed from conventional tillage to non-tillage with plant residues cover. The application of shredded olive-pruning debris and the plant residues and soil from olive-fruit cleaning increased the organic fraction in both soils, CLcr and VRcc, with respect the tillage soils. The changes affected the uppermost 10 cm of the soils although the SOC content was greater in the CLcr, where the management spanned a longer time period.
With the change in SOC, some soil properties were affected. The spreading of plant residues lowered the pH and the ρb in the uppermost soil depths between trees, where there was an effect of mulching with respect to under canopy soils, and the N content increased. The slow release of this N ensured plant nutrition and the soil fertility despite the high values of the C:N relationship. The non-tillage generated a highly fertile surface layer in PD+CR, which also protected the soil physically, as demonstrated by the high stratification observed, similar to that described in forest systems. In addition, the NFOM percentage, although higher under the tree canopy, was high in both types of soils, indicating the stability of the material applied. The addition of plant debris also increased the K + content, CEC and water-storage capacity, improving the soil quality. When the soil management was changed from conventional tillage to cover crop with PD+CR, carbon storage in the soil improved considerably together with its general quality. Carbon turnover in Mediterranean olive-grove with PD+CR cover was quite accurately predicted by the RothC model. Over the long term, the carbon sequestration was higher in soils with greater quantities of clay. A soil-management system that abandons tillage in favour of reusing both pruning debris and the residue from cleaning the olives to cover the ground, constitutes the most effective way of increasing soil quality and diminishing CO 2 emissions in one of the most extensive agricultural enterprises in the entire Mediterranean area.
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